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ABSTRACT OF THE THESIS
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Semiconductors such as GaAs, Ge, and ZnSe have long been important materials for
optics and photonics applications in the middle infrared range (2-20 µm), finding use as
windows or in optoelectronic devices. The nonlinear refractive index (n2) of these three
semiconductors is well documented near resonance in the near infrared, but as technology
progresses to longer wavelengths and higher intensities, characterization of these materials
in the long-wavelength infrared (LWIR, 8-14 µm) at GW/cm2 intensities becomes necessary.
In this thesis, we report on measurements of the effective nonlinear refractive index in GaAs,
Ge, and ZnSe using four-wave mixing of a 10 µm CO2 laser beat-wave at both high 1-10
GW/cm2 and low 1-10 MW/cm2 intensities, with 200 ps and 300 ns long pulses respec-
tively. Intensity dependent nonlinear absorption is also observed. In addition, by decreasing
the beat-frequency of the CO2 laser beat-wave, the nonlinear optical response is found to
increase by a factor of 10 in GaAs. Simulations attribute this beat-wave enhancement to
nonlinear currents of photoexcited free carriers and predict that by further decreasing the
beat frequency to a few GHz, the nonlinear optical response can be increased by a factor
of almost 100. Optical control of the nonlinearity in GaAs could lead to the production of
high power broadband frequency combs with narrow frequency separations ideal for high
resolution spectroscopy in the LWIR.
ii
The thesis of Daniel Matteo is approved.
Chee Wei Wong
Warren B. Mori
Chandra J. Joshi, Committee Chair
University of California, Los Angeles
2019
iii
Dedication
To my Mom, Dad and Sister, and all the family and friends who have supported me and let
me talk to them about physics. To the world around us, thank you for being so fascinating.
iv
Contents
1 Introduction 1
2 Theory 3
2.1 Bound Electron Nonlinearities . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Electronic Band Structure of Solids . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Free Carrier Nonlinearities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Four-wave mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3 Experimental Setup 12
4 Four-Wave Mixing Efficiency and n2,eff Measurements 18
5 Control of the Nonlinear Optical Response with the CO2 Laser Beat-Wave 25
6 Conclusion 32
Appendices 34
v
List of Figures
1 Cartoon displaying the qualitative results of the DFKE. The unperturbed
zero field case has absorption profile typical of a density of states with square
root dependence on energy. When perturbed with a laser with ponderomotive
potential Up, the absorption edge is blue-shifted, oscillations occur above the
band, and a low energy tail forms. This tail is responsible for nonresonant
changes to refraction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Energy band diagram for GaAs. Important bands are labeled. CB: Conduc-
tion band. HH: Heavy-hole band. LH: Light-hole band. SO: Split-off band.
Adapted from [18]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3 FWM schematic, where S is Stokes and AS is anti-Stokes sidebands. . . . . . 10
4 (a) Temporal pulse profile of the TEA CO2 laser. (b) Beam profile of the 300
ns CO2 laser pulse at the interaction point. Lineouts are taken at the center
of the beam (blue points). Gaussian fitting is performed (not shown). The
hole in the left side of the image is a burned region on the pyroelectric chip. 12
5 Schematic of the experimental setup to measure FWM sidebands at intensities
from 1-10 MW/cm2. DG is diffraction grating, OC is output coupler, CM is
the 2.5 m focal length curved copper mirror, Cal is calorimeter, and HCT is
HgCdTe energy detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
6 Schematic of the experimental setup to measure FWM sidebands at intensities
from 1-10 GW/cm2. E1 and E2 are energy meters and SM is the scanning
monochomator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
7 Temporal pulse profile of the CO2 laser beat-wave measured to be 200 ± 20 ps. 15
8 Beam profile of the 200 ps CO2 laser pulse measured with a pyroelectric
camera at the interaction point for (a) GaAs and n-Ge and (b) ZnSe. . . . . 16
vi
9 Transmission through a 700µm thick (100) GaAs wafer. Solid lines are mea-
sured in Ref. [25] and the dashed line is an extrapolation of that measured
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
10 Example of raw FWM data measured in polycrystalline ZnSe around 4 MW/cm2,
showing ”sample in” and background ”sample out” measurements of the 1st
Stokes sideband at 10.93 µm. The fact that the power curve fits the back-
ground data better indicates that scattered light dominates the measurement. 18
11 Distribution of n2,eff measured for GaAs, n-Ge, and ZnSe at 1-10 MW/cm
2.
The means are indicated by the vertical red lines. The two n-Ge samples were
measured to have different n2,eff distributions as shown. . . . . . . . . . . . . 19
12 Example of raw FWM data measured in [111] GaAs around 2 GW/cm2. Data
displayed here is the 1st Stokes sideband generated in the 7mm [111] GaAs
slab at approximately 2 GW/cm2. . . . . . . . . . . . . . . . . . . . . . . . . 20
13 Nonlinear absorption data measured at λ = 10.59 µm for the semiconductors
studied in this thesis. The dashed lines denote lossless propagation and the
solid curves denote the fit to the data. . . . . . . . . . . . . . . . . . . . . . 21
14 Calculated multiplication factor of n2,eff caused by measured values of nonlin-
ear absorption in our semiconductor samples. . . . . . . . . . . . . . . . . . 22
15 Distribution of n2,eff measured for GaAs, n-Ge, and ZnSe at 1-10 GW/cm
2.
The means are indicated by the vertical red lines. . . . . . . . . . . . . . . . 23
16 Anisotropy of n2,eff in a GaAs wafer with the electric field of the laser aligned
along different crystal orientations. . . . . . . . . . . . . . . . . . . . . . . . 25
17 Full FWM spectrum measured in GaAs using the (a) HFBW and the (b)
LFBW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
18 (a) Photoionization rate for GaAs and (b) Carrier concentration generated
in GaAs for the CO2 laser HFBW of varying peak intensity calculated using
Keldysh’s theory [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
19 Electronic band structure of GaAs in the [111] direction calculated with DFT. 29
vii
20 Simulation results modeling the efficiency of the 1st Stokes FWM sideband
are shown in the blue and red lines for the HFBW and LFBW, respectively.
Experimental data for each beat-wave is indicated by dots of the same color. 30
21 Extrapolation of the beat-wave enhancement of the Kerr nonlinearity in sim-
ulations. The dashed line indicates simulations with intraband currents dis-
abled, disallowing any nonlinear current contribution to sideband generation. 31
22 Transmission through different lengths of CaF2 with different CO2 laser wave-
lengths. The dotted/dashed lines are FWM sidebands with transmission cal-
culated via a fitting described in Fig. 23. . . . . . . . . . . . . . . . . . . . . 35
23 Fitting of the absorption coefficient of CaF2. It was measured to be α = 3.7
cm−1 at λ = 10.59 µm and α = 2.9 cm−1 at λ = 10.27 µm. . . . . . . . . . . 35
24 Scanning electron microscope (SEM) image of a coarsely cleaved polycrys-
talline ZnSe sample. The grain size was estimated by measuring different flat
regions on several different SEM images, examples of which are shown here,
resulting in grains with an average dimension of 43 ± 15 µm. The cleaved
sample was not used in four-wave mixing experiments, but is characteristic of
the samples used in experiment, all grown for similar optical applications. . . 36
viii
List of Tables
1 Nonlinear absorption coefficients measured in semiconductors at 10.59 µm
with an effective absorption coefficient of the form αeff = αNLIin. . . . . . . . 21
2 n2,eff measured with FWM in semiconductors. The literature values are taken
from a: [3] and b: [28]. Both absolute and relative measurements are presented. 24
3 Measured attenuation factors for CaF2 windows used in four-wave mixing
experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4 Extrapolated attenuation factors for CaF2 windows used in four-wave mixing
experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
ix
Acknowledgments
I would like to thank Dr. Sergei Tochitsky, whose great ideas, continuous guidance, and
constant encouragement in the lab has made this work possible, as well as Professor Chan
Joshi, who gave me the chance to pursue research and has guided and supported me the
whole way. I would also like to thank Dr. Jeremy Pigeon for major assistance in running
the experiments, and both Dr. Pigeon and Eric Welch for invaluable advice and many
great discussions about physics. Finally, I would like to acknowledge Dr. Ulrich Huttner
and Professor Stephan W. Koch from Philipps-Universita¨t Marburg for their assistance in
running simulations.
This work was supported by the AFOSR under award number FA9550-19-1-0032 and by
the ONR MURI grant No. N00014-17-1-2705.
x
1 Introduction
Semiconductors have been inseparable from the fields of optics and photonics since the in-
vention of the laser. Many of these materials are transparent throughout the middle infrared
range (MIR) from 2-20 µm and are used to make various optical elements, but also give the
robust ability to manipulate and detect light in the form of lasers, switches, or photode-
tectors. Semiconductor materials generally have high nonlinearities compared to other bulk
solids, and have found broad use in nonlinear optics to generate efficient second harmonic
light, supercontinuum, and for frequency conversion to downconvert ultrafast near-infrared
(NIR) pulses (e.g. from Ti:Sapphire lasers) in optical parametric amplifiers. Parallel devel-
opment of the semiconductor fabrication industry (motivated primarily by the desire for high
speed nanoscale electronics) has allowed for the optimization of electrical and linear optical
properties of semiconductors as well as the creation of structured semiconductors, which may
provide very high nonlinearities originating from the spatial confinement of electrons (see
e.g. Ref. [1]).
A few MIR materials stand out above the rest for many of the applications listed, in-
cluding GaAs, CdTe, n-Ge, and ZnSe. These materials are rather well characterized in the
near infrared, where linear and two-photon absorption dominate their linear and nonlinear
optical properties [2], as well as in the MIR at low intensities (∼1 MW/cm2) [3, 4]. However,
as MIR technology is being driven to longer wavelengths and higher intensities, knowledge
of the nonlinear optical response of these materials to nonresonant MIR pulses with intensi-
ties >1 GW/cm2 becomes more and more important. Although structured semiconductors
provide a unique opportunity to study controllable quantum states of solids, their dielectric
breakdown threshold is far lower than bulk solids, making bulk materials more viable for
high intensity studies.
Recent experimental results suggest that low and high fields results in the bulk non-
resonant regime may be drastically different. Whereas low intensity nonlinear optics can
be described well by a perturbative expansion of the material polarization, many high field
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interactions fundamentally break this assumption. In particular, high fields may dramati-
cally alter the band structure of solids via the dynamical Franz-Keldysh effect [5] which can
be used to induce transparency/absorption above/below the band edge in semiconductors
[6, 7]. Strong nonresonant fields can also modify the wavefunctions of free electrons such
that they are spatially localized and simultaneously accelerated to the outer reaches of the
Brillouin zone (BZ) [8, 9]. Many inter- and intraband microscopic effects may play a role in
high harmonic generation (HHG), where nonresonant radiation with intensities on the order
of 1 TW/cm2 drives an extremely nonperturbative response and emits odd (and sometimes
even) harmonics up to the 19th harmonic [9–12]. Ultrabroadband HHG spectra may open
the path to the study of attosecond dynamics in solids. Coherent processes such as Rabi
flopping have also been observed in bulk semiconductors far away from resonance [13, 14].
As is clear, high field interactions between light and semiconductors include many diverse
effects which fundamentally (and transiently) change the structure and nonlinear optical re-
sponse of the solids and can be used to study the quantum structure of matter and many-body
interactions. However these high field experiments all take advantage of extremely high in-
tensities on the order of 100 GW/cm2 or higher, very close to or above the threshold for
dielectric breakdown, making them less useful for technological applications. The question
then remains — to what degree do strong-field effects play a role in nonresonant interac-
tions around 1 GW/cm2, and can they be used to control the nonlinear optical response of
semiconductors in a nondestructive way with low optical loss?
In this thesis we study the third order nonlinear optical response of the semiconductors
GaAs, n-Ge, and ZnSe with 10 µm CO2 laser beat-waves at high (1 GW/cm
2) intensities
using four-wave mixing. We also performed similar measurements at low (1 MW/cm2)
intensities in the same materials. The structure of the thesis is as follows. Chapter 2
will introduce relevant theoretical background on both bound and free carrier nonresonant
nonlinear optical responses in semiconductors, and Chapter 3 will describe the experimental
setup and measurement techniques used. Chapter 4 will present the results of four-wave
mixing experiments in these samples and discuss measurement of the effective nonlinear
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refractive index. Chapter 5 will investigate GaAs in more depth and demonstrate a beat-
wave controllable nonlinear response. Finally, Chapter 6 will give conclusions and look
forward to possible further studies or applications of the results presented.
2 Theory
The macroscopic response of matter to light with an electric field ~E (~r, t) is described by the
material polarization ~P (~r, t) = 0χ
(1) ~E (~r, t) in the low field (linear) limit. Linear optical
properties of matter such as refraction and absorption are related to χ(1), the magnitude
of which is determined by the electromagnetic (EM) wave frequency’s proximity to natural
resonant frequencies of the material. These natural resonances represent a variety of different
transitions between quantum states including electronic levels of an atom or rovibrational
levels of a molecule. Dominant resonances in solids include absorption above the fundamental
band gap (h¯ω ≥ Eg) or phonon absorption. Away from a fundamental resonance, the
propagation of light is still affected depending on the resonance’s strength and proximity,
bringing about material dispersion.
Nonlinear responses of constituent particles to the electric field begin to manifest when
strong light fields are applied to a material. The basic mathematics describing nonlinear
optical properties of matter are the nonlinear susceptibility tensors χ(n), which can be used
to expand the material polarization in orders of the electric field:
~P = 0
[
χ(1) ~E + χ(2) ~E 2 + χ(3) ~E 3 + · · ·
]
. (1)
If the electric fields are harmonic optical fields
~E =
1
2
[
~E0e
−i(ωt−~k·~r) + c.c.
]
(2)
where ~E0 is the envelope of the field, it is clear to see that if a material possesses either χ
(2)
or χ(3), the polarization can oscillate with harmonic frequencies of ω (e.g. 2ω, 3ω). This
polarization acts as a source term in the driven wave equation
∇2 ~E − n
2
c2
∂2 ~E
∂t2
=
1
0c2
∂2 ~P
∂t2
(3)
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thereby generating light at these frequencies.
Due to the polar nature of both ~P and ~E and the dependence of even orders of ~P (n)
on even powers of ~E , χ(2) can only be nonzero when spatial inversion symmetry is broken
in a noncentrosymmetric crystal. Many common semiconductors, including III-V and II-VI
binary semiconductors, are noncentrosymmetric and have strong χ(2) which allows for nonlin-
ear processes such as second harmonic generation (SHG) or difference frequency generation
(DFG). In centrosymmetric crystals χ(3) is the lowest order nonzero nonlinear susceptibility.
When a monochromatic EM wave with frequency ω is incident on a χ(3) material, a non-
linear polarization oscillating with ω can be driven with magnitude proportional to χ(3)| ~E |2 ~E ,
which is of the same form as the linear material polarization. For a nonmagnetic material
(µ = µ0) away from resonance (Im() = 0), the refractive index of a dielectric is n =
√
1 + χ;
in this sense, the third order polarization can be viewed as an intensity dependant correction
to the linear index. A nonlinear refractive index n2 can be defined using n = n0 + n2I and
is related to χ(3) by
n2 =
3
4n200c
χ(3). (4)
The nonlinear refractive index is a quantity of both fundamental and practical interest.
It is used to characterize a variety of material responses and third-order nonlinear optical
processes such as self-phase modulation (SPM) and third-harmonic generation, and also
mediates self focusing (SF), all of which are fundamental drivers behind supercontinuum
generation. An effective nonlinear refractive index, n2,eff, is a sum of n2 resulting from
different physical mechanisms and will be used in this thesis to compare nonlinear optical
responses of semiconductors. In semiconductors, effects causing n2,eff (or χ
(3)) can often
be generalized into two separate categories: bound electron nonlinearities and free carrier
nonlinearities.
2.1 Bound Electron Nonlinearities
A Newtonian picture of the optical susceptibilities originating from bound electrons in a solid
(although this model may work well for a variety of systems) can be described by a classical
4
electron oscillator model. In this model an electron sits at the bottom of an attractive
potential around a crystal ion and is driven by a sinusoidal EM wave. The electron is found
to move as a damped driven oscillator in the field with a material polarization ~P = −Ne~r,
where N is the electron density. The linearity of this system is apparent - any attractive
potential may be modeled as parabolic near local minima, corresponding to a linear restoring
force and purely sinusoidal response to an external sinusoidal perturbation.
Though oftentimes useful, the parabolic potential well is an approximation and real
systems will have nonparabolic potentials leading to nonlinear restoring forces. The classical
model can be solved with perturbation theory and has been described by many authors,
including Refs. [15, 16]. Solutions give nth order polarizations oscillating at frequencies
which are combinations of n incident frequencies - e.g. if EM waves at frequencies ω1 and
ω2 are incident, ~P
(2) will oscillate at ±2ω1, ±2ω2, ±(ω1 + ω2), etc.. A similar quantum
perturbation theory analysis can be applied to a solid, which gives similar results (see e.g.
[15]).
The bound electron nonresonant nonlinear susceptibility of solids can also be understood
with the dynamical Franz-Keldysh effect (DFKE) [5, 6], which extends Keldysh’s theory of
photoionization (where real carriers are created) [17] to the situation where high intensity
electric fields modify the band structure of solids via virtual transitions. Qualitatively, an
intense EM wave modifies the electron wavefunctions and the overall density of states, causing
a blue-shift of the band gap absorption edge on the order of its ponderomotive energy
Up =
2pie2
mc
I
ω2
(5)
as well as the appearance of an absorption tail to energies below the zero-field band gap
(Fig. 1). Absorption and refraction are fundamentally linked through the complex dielectric
constant, so any change in absorption gives a corresponding change in refraction. In the low
frequency limit, this manifests as a small intensity dependant correction to the refractive
index, which can thus be described as n2,eff and related to a χ
(3) susceptibility.
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Figure 1: Cartoon displaying the qualitative results of the DFKE. The unperturbed zero field case
has absorption profile typical of a density of states with square root dependence on energy. When
perturbed with a laser with ponderomotive potential Up, the absorption edge is blue-shifted, oscil-
lations occur above the band, and a low energy tail forms. This tail is responsible for nonresonant
changes to refraction.
2.2 Electronic Band Structure of Solids
Before discussing the free electron contribution to the optical nonlinearity, a brief intro-
duction to the band structure of semiconductors is warranted. In a crystal, an electron
wavefunction must obey the periodic boundary conditions imposed by the lattice. Electrons
can be described by Bloch functions ψ~k(~r) = u~k(~r)exp(−i~k ·~r) where u~k(~r) is a periodic func-
tion u~k(~r) = u~k(~r +
~R) and ~k is the wavefunction’s wavevector related to momentum using
the relationship ~p = h¯~k. In this way, electron wavefunctions in a lattice can be thought of
as plane waves (characteristic of a free particle) with a periodic modulation imposed by the
lattice. Fourier transforming the lattice in real space gives a lattice in reciprocal (~k) space
with related periodicity. This dual periodicity allows all carrier momenta to be mapped into
the first BZ, simplifying analytics and numerics.
In many-particle systems individual wavefunctions overlap and linear combinations of
their orbitals can be made to satisfy Schro¨dinger’s equation. In an H2 molecule for example,
the two electrons mix to form a bonding state with negative energy and an anti-bonding
state with positive energy. In the solid-state, this is taken to the extreme with ∼ 1023
particles. Many wavefunctions mix together, and discrete energy levels smear, becoming
continuous. Similar to bonding and anti-bonding orbitals with an energy gap between, solid-
6
Figure 2: Energy band diagram for GaAs. Important bands are labeled. CB: Conduction band.
HH: Heavy-hole band. LH: Light-hole band. SO: Split-off band. Adapted from [18].
state systems will have gaps in their energy density of states, the band gap. The lower energy
(filled) valence bands and higher energy (empty) conduction bands are segregated in energy
by the Fermi level EF , which determines the occupation of electrons in the bands.
The three dimensional electronic structure of a solid is typically represented in two di-
mensional band diagrams, which show the energy dispersion of the bands as a function of
momentum ~k in different directions of high symmetry. An example is shown in Fig. 2, where
several bands in GaAs are plotted along both the (kx, ky, kz) = (1, 1, 1) and (1,0,0) or L and
X directions.
Charge carriers in the conduction and valence bands (electrons and holes, respectively)
exist either through injection, thermal generation, photogeneration, or doping. They may
take the form of wavepackets with finite position and momentum uncertainty and can be
treated with Newtonian mechanics if given an effective mass, m∗. This effective mass is used
to compensate for strong static fields inside the crystal. The effective mass of free carriers
is found by the curvature of their respective bands
1
m∗
=
1
h¯2
∂2E
∂k2
. (6)
The negative mass of holes is a sign convention that accounts for their positive charge. The
group velocity of an electron wavepacket with central wavenumber ~k can also be accessed by
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the band structure via
vg =
1
h¯
∂E
∂k
. (7)
When precision is not required, or electrons (holes) possess very little momentum, they
remain at the bottom (top) of the conduction (valence) band. At these points, the band
dispersion may be represented by a parabola with a constant effective mass — typical values
in semiconductors are m∗e = 0.1m and m
∗
h = 0.5m
2.3 Free Carrier Nonlinearities
When carriers exist in a semiconductor they interact with the laser fields as free particles
would with effective masses as described above. Free carriers can typically be characterized
with three timescales, a long interband carrier lifetime τR (ns → µs), an intraband thermal-
ization time τT , usually from 1-100 ps, and a short dephasing time T2, the phase coherence
lifetime of interacting dipoles usually between 1 fs and 1 ps. A variety of effects may occur
which result in effective χ(3) nonlinearities, some of which are described here, but generally
boil down to carrier populations being transferred to nonequilibrium states where the crystal
band structure causes those carriers’ contribution to the optical susceptibility to change.
The first of these is free carrier absorption. In equilibrium, the Fermionic nature of elec-
trons forces the carriers to obey Fermi-Dirac statistics. However below carrier concentrations
at which the semiconductor is considered degenerate (N ≥ 1020 cm−3), carrier distributions
are well approximated by a Boltzmann distribution. In this way, the carriers can be con-
sidered analogous to a classical plasma (where free carriers can be electrons, holes, or both,
depending on how the plasma was formed). Using the notation of [19], the dielectric constant
takes its usual form
 = 1− ω
2
p
ω2 + iΓω
(8)
where
ω2p =
Ne2
m∗0
(9)
is the plasma frequency of a carrier with effective mass m∗ and Γ is some line broadening
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caused by scattering/dephasing processes. If carriers are photoexcited (the situation of
greatest interest in this thesis), an average carrier density is
N =
I
h¯ω
ατR (10)
where α is an effective absorption coefficient generating carriers. Combining these expres-
sions and assuming ω  Γ and one carrier with smaller mass than other carriers (usually
electrons), n2 is
n2 =
e2ατR
20h¯ω3m∗n0
(11)
This result is derived assuming parabolic bands, which is a good assumption for an equilib-
rium case once the carrier distribution has thermalized.
Despite parabolic bands being useful in many situations, the approximation breaks down
when either an appreciable amount of equilibrium carriers are present away from the Γ point
or strong electric fields drive carriers away from Γ to regions of the BZ where bands are
nonparabolic and effective mass is a function of ~k. In this situation there is a nonlinear
relationship between momentum and velocity, and thus a nonlinear relationship between
momentum and current density ~J = Nq~v. In the classical electromagnetic picture, current
density ( ~J = ~˙P ) also acts as a source to the driven wave equation (Eq. 3). This nonparabol-
icity effect was first observed and described in Refs. [4, 20].
The light emitted by currents can be calculated semi-classically in a single particle model
where the particle is accelerated through the bands by the electric field
h¯
d~k
dt
= q ~E, (12)
an expression which can be integrated over the temporal profile of the pulse to yield k(t).
This allows for the calculation of vg(t) (and thus J(t)) in the context of the band dispersion
via Eq. 7. The emission is proportional to the Fourier transform of the derivative of the
current. Currents radiate with the same parity as ~E due to the symmetry of ~k space in a
single direction about Γ - thus nonlinear currents appear as an effective χ(3) nonlinearity.
In a real semiconductor system, carriers may interact with particles as well as with the
field of the laser. Scattering processes occur between carriers and other carriers, phonons,
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and, in doped samples, charged impurities - these all act to thermalize carrier distributions.
Without concerning too much with the time-dependant perturbation theory derivation of
these scattering processes, it is possible to say that at room temperature, carrier-carrier
scattering dominates at high excitation/doping densities and may reach rates of 1013 s−1 at
1016 cm−3 densities. For densities below this, phonon scattering dominates — e.g. longitudi-
nal optical (LO) phonon scattering in GaAs has rates on the order of 1012-1013 s−1 for carrier
energies above h¯ωLO (36 meV). Since phonons carry both energy and momentum they can
be involved in 3-body (carrier, phonon, photon) absorption processes, carrier thermalization,
as well as intervalley scattering, where carriers in the Γ valley are transferred to secondary
valleys with different effective masses that may exist at the edge of the BZ.
2.4 Four-wave mixing
The nonlinear optical process we study in this thesis is nondegenerate collinear four-wave
mixing (FWM). FWM is a χ(3) nonlinear optical effect in which a beam containing two
frequencies ω1 < ω2 mix and create a Stokes (low frequency) sideband at ω3 = 2ω1− ω2 and
an anti-Stokes (high frequency) sideband at ω4 = 2ω2 − ω1 as shown in Fig. 3. In total,
3 photons annihilate to create a single frequency shifted photon. In general, once these
first sidebands are created, they mix with the pump frequencies to create a whole family of
Stokes and anti-Stokes sidebands all separated by the beat frequency ∆ω. The experiments
in this thesis are all highly nonresonant and thus see rather small dispersion in their linear
refractive index. Because of this, and the spectral proximity of the pump frequencies, FWM
has a very long coherence length and phase matching will not play a role.
Figure 3: FWM schematic, where S is Stokes and AS is anti-Stokes sidebands.
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FWM sideband efficiency (e.g. of the Stokes sideband at ω3) can be related to n2,eff
analytically in the low efficiency limit. By applying the paraxial approximation (∂2z  ∇2⊥),
the wave equation driven by a nonlinear polarization ~PNL looks like
− ∂
2
∂z2
~E3 +
n20
c2
∂2
∂t2
~E3 = − 1
0c2
∂2
∂t2
~PNL, (13)
assuming a sideband electric field of
~E3 =
1
2
[
~E3e
−i(ω3t−k3z) + c.c.
]
. (14)
Plugging this electric field into Eq. 13 and applying the slowly varying envelope approxima-
tion (∂2z ~E3  ∂z ~E3) gives
∂ ~E3
∂z
=
iω23
20c2k3
~PNLe
i(ω3t−k3z)eα3/2. (15)
where αj is the absorption coefficient at ωj. The nonlinear polarization related to the first
Stokes FWM sideband,
~P (3) =
3
4
0χ
(3)(ω3 = 2ω1 + ω2) ~E
2
1
~E∗2e
i(ω3t−(2k1−k2)z)e−α1−α2/2, (16)
is inserted into Eq. 15. Without pump depletion, integrating over the length of the crystal
L and using Eq. 4 yields
I3 = k
2
3n
2
2,effI
2
1I2
[
e−2∆αL − 2 cos ∆kLe−∆αL + 1
∆k2 + ∆α2
e−α3L
]
(17)
where ∆k = 2k1 − k2 − k3 and ∆α = α1 + α2/2− α3/2, and the intensity I is defined as
I =
cn0
2
|E|2. (18)
In the simple case where loss is negligible (α1 = α2 = α3 = 0), this reduces to
I3 = k
2
3n
2
2L
2I21I2 sinc
2
(
∆kL
2
)
. (19)
In terms of energy W , the experimental observable, the Stokes sideband yield for a phase
matched process (∆kL→ 0) is
W3 =
n22L
2k23√
3τ 2A2
W 21W2 (20)
where τ is the pulse length, A is the beam area, and the
√
3 factor arises due to a shortening
of the sideband pulse length in the low conversion efficiency regime [21].
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3 Experimental Setup
Four-wave mixing experiments in semiconductors were performed using a 1 Hz high-power
CO2 laser system. There were two different intensity regimes used in the experiments, a low
intensity regime from 1-10 MW/cm2 (τ = 300 ns) and a high intensity regime from 1-10
GW/cm2 (τ = 200 ps). For both sets of experiments, the master oscillator was a trans-
versely excited atmospheric (TEA) CO2 laser with two low pressure (narrow linewidth) CO2
amplifiers in the cavity coupled together with an intracavity grating, allowing simultaneous
oscillation on two frequencies. The majority of experiments in this thesis used a beat-wave of
the 10P(20) (λ = 10.59µm) and 10R(16) (λ = 10.27µm) rotational lines of the CO2 molecule
giving a beat frequency ∆f = 872 GHz.
This laser produced a typical temporal profile shown in Fig. 4(a). As nonlinear interac-
tions depend strongly on intensity, the µs tail of the pulse participates very little in nonlinear
optics. Instead, only the first gain switched spike of the pulse is considered, which is found
to fit a Gaussian profile with FWHM 300 ± 10 ns. This 300 ns beat-wave had a nominal
Figure 4: (a) Temporal pulse profile of the TEA CO2 laser. (b) Beam profile of the 300 ns CO2
laser pulse at the interaction point. Lineouts are taken at the center of the beam (blue points).
Gaussian fitting is performed (not shown). The hole in the left side of the image is a burned region
on the pyroelectric chip.
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energy of 25 mJ at λ = 10.59µm and half that energy at λ = 10.27µm, with very little
fluctuation from shot to shot (±5%). The difference in gain coefficients on the 10P and 10R
branches of the CO2 gain spectrum caused the measured difference in energy between the
two wavelengths. Laser intensity on the sample was controlled by lowering the TEA CO2
laser’s discharge voltage or placing CaF2 attenuators in front of the sample. Calibrations for
these attenuators are given in Appendix A.
This laser pulse was used for the low intensity measurements (Fig. 5). The beam was
focused using a 2.5 m focal length curved copper mirror creating a slightly elliptical spot at
the focus, which was measured using a pyroelectric camera. The major and minor axes had
FWHM of 2.81 and 2.55 mm respectively (Fig. 4(b)). The beam area could be approximated
as a circle with FWHM of 2.68 ± 0.03 mm with less than 1% error. Samples were placed just
beyond the focus to help compensate for self-focusing. The Rayleigh length was >50 cm,
several times longer than any of the samples so that the beam inside the sample could be
considered a plane wave. To increase the effective nonlinear length of the samples, the beam
was sent through a zig-zag arrangement as shown and samples were placed on a translational
stage which could be moved such that there were 1, 2, or 3 passes through the sample.
Figure 5: Schematic of the experimental setup to measure FWM sidebands at intensities from 1-10
MW/cm2. DG is diffraction grating, OC is output coupler, CM is the 2.5 m focal length curved
copper mirror, Cal is calorimeter, and HCT is HgCdTe energy detector.
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After the sample, the beam was dispersed by a reflective diffraction grating with 135
grooves/mm and reflectivity >97% in the spectral range of interest. The Stokes sideband at
λ = 10.93µm was focused by a 1 inch focal length ZnSe lens onto the 1 mm x 1 mm chip
of a liquid nitrogen cooled HgCdTe (HCT) energy detector with spectrally flat sensitivity
from 10-11 µm. Pump beam energies were measured on every shot with large aperture
calorimeters.
To generate high intensity pulses, the 300 ns 10 µm pulse was combined with a 200 ps
1.064 µm Nd:YAG laser pulse in a CS2 cell (Fig. 6). The 1 µm pulse induced transient
birefringence in CS2 via the optical Kerr effect, rotating the polarization of the 10 µm pulse
only while the two beams overlapped [22]. After an analyzer only the 200 ps 10 µm pulse
remained, containing nJ of energy. This short two-wavelength pulse was amplified by an
8 atm CO2 regenerative amplifier and a 10 atm CO2 booster amplifier to return it to the
mJ level. A CdTe Pockels cell selected the most intense pulse in the pulse train exiting the
regenerative amplifier. At this point a small reflection from a NaCl window was dispersed
Figure 6: Schematic of the experimental setup to measure FWM sidebands at intensities from 1-10
GW/cm2. E1 and E2 are energy meters and SM is the scanning monochomator.
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Figure 7: Temporal pulse profile of the CO2 laser beat-wave measured to be 200 ± 20 ps.
and the total energy in each pump wavelength was measured by energy meters on every shot
and used for normalization of the sideband energy. The temporal pulse profile was measured
with a streak camera to have a FWHM of 200 ± 20 ps (Fig. 7).
The 200 ps pulse was focused by a 2.5 m focal length curved copper mirror to a slightly
elliptical spot. A FWHM spot size of 820 ± 20 µm on the surface of the GaAs and Ge
samples was measured using the same circular approximation (Fig. 8(a)). Due to the mount
and space restrictions, the position of the ZnSe crystal was slightly in front of the GaAs and
Ge position and had a slightly smaller FWHM spot size of 790 ± 50 µm (Fig. 8(b)).
The Rayleigh length was on the order of 20 cm, so inside the crystals the plane wave
approximation still held. CaF2 attenuators were placed either after the regenerative amplifier
or in front of the HCT detector to coarsely control the intensity on the crystal samples. Each
pump beam contained nominally 0.5-5 mJ, with similar difference between pumps as in the
low intensity measurements. Intensity scatter was inherent in these measurements, as small
intensity fluctuations grew along the chain of amplifiers.
The beam was dispersed by the same 135 groove/mm grating and pump frequencies were
dumped on a razor-blade stack. The sideband was focused with a short focal length ZnSe
lens onto the 2mm wide input slit of a scanning monochromator (Horiba Jobin Yvon iHR-
550) loaded with a 50 groove/mm grating blazed at 12 µm. This spectrometer could be
tuned across the entire range of sideband wavelengths used in experiments. After the 0.5mm
output slit, a short focal length ZnSe lens focused the beam onto the same cryogenically
cooled HCT energy detector.
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Figure 8: Beam profile of the 200 ps CO2 laser pulse measured with a pyroelectric camera at the
interaction point for (a) GaAs and n-Ge and (b) ZnSe.
Several samples were used in FWM experiments:
• 7 mm thick anti-reflection (AR) coated semi-insulating GaAs slab with resistivity >
3×108 Ω·cm. Measurements were performed with the electric field parallel to the [111]
axis. Eg = 1.42 eV (direct).
• 700 µm thick semi-insulating (110) GaAs wafer with resistivity between 1 and 4
×108Ω·cm. Rotating the crystal about the (110) axis allows for a normally incident lin-
early polarized beam to be parallel to the orientations [001] , [11¯1] , [11¯0], equivalent in
the zincblende crystal structure to the [100], [111], and [110] orientations, respectively.
Eg = 1.42 eV (direct).
• 2 mm and 3mm thick n-type Ge slabs of optical quality (carrier concentration not
known exactly, but optical grade Ge typically has Sb doping of ∼ 1014 cm−3 and
resistivity ∼ 10 Ω·cm [23, 24]). Eg = 0.66 eV (indirect).
• 5 mm thick polycrystalline ZnSe slab. Eg = 2.71 eV (direct).
• 12 mm thick polycrystalline ZnSe slab. Eg = 2.71 eV (direct). Grain size has been
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estimated to be 43 ± 15 µm for both ZnSe samples (See Appendix B.)
All band gaps stated are room temperature values. We also attempted to measure FWM in
a 3 cm thick CdTe sample (Eg = 1.44 eV), however the signal was immeasurably small and
plasma could occasionally be seen forming on the entrance surface of the crystal. Breakdown
at or near the surface of the crystal likely absorbed enough pump photons to render the
nonlinear interaction in the bulk negligible.
Many of the measurements in this thesis focused on the 1st Stokes FWM sideband. Pump
energies and sideband energy were measured on every shot so that they could be normalized
to each other. Data sets consisted of 60-100 shots, half with the sample in the beam path
and half with the sample removed from the beam path (background). The background
originated either from scattered light or four-wave mixing in the many windows, polarizers,
and other optical elements in the between the master oscillator and detector, as well as in the
air. In order to eliminate background signal and improve the signal to noise ratio (S/N) of
the high intensity measurements, a 700 µm thick (100) GaAs wafer was placed ∼1m before
the sample, which selectively reflected certain frequencies depending on the beam’s angle of
incidence. Fig. 9 shows transmission curves. Empirically, tuning the etalon to 11.5◦ allowed
for an improved S/N for the HFBW measurements. Additionally, the grating between the
sample and spectrometer acted as a power filter to increase the S/N.
Figure 9: Transmission through a 700µm thick (100) GaAs wafer. Solid lines are measured in Ref.
[25] and the dashed line is an extrapolation of that measured data.
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4 Four-Wave Mixing Efficiency and n2,eff Measurements
Four-wave mixing was performed in the semiconductors GaAs, n-Ge, and ZnSe with 10.27
µm and 10.59 µm beat-wave radiation from a CO2 laser. As described above, both a low
intensity (long 300 ns pulse) and a high intensity (short 200 ps pulse) regime were studied in
each of the three materials with the intention of measuring the effective nonlinear refractive
index via Eq. 17.
An example of the low intensity raw data is shown in Fig. 10. The measured first Stokes
sideband energy W3 at λ3 = 10.93 µm is plotted against W
2
1W2 which should give a linear
slope to the data. Indeed for the data taken with the sample in the beam-path the linear
fitting works rather well. However the background data does not fit well with a linear slope
and instead takes on the shape of a power function of the form axb. This power fitting is
a clear indication that the background is dominated by scattered light as opposed to FWM
light generated in previous optical elements.
Figure 10: Example of raw FWM data measured in polycrystalline ZnSe around 4 MW/cm2,
showing ”sample in” and background ”sample out” measurements of the 1st Stokes sideband at
10.93 µm. The fact that the power curve fits the background data better indicates that scattered
light dominates the measurement.
Data points being grouped together is a consequence of the way the intensity scan was
performed. Each group represents a different level of attenuation, with the lower energy
points from either 2 or 3 mm of CaF2 being placed in front of the sample (or in some cases,
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the voltage on the TEA CO2 discharge being lowered). Specifically for the low intensity case
the samples used are the 7mm [111] GaAs slab at normal incidence, the 2mm and 3mm n-Ge
slabs with light incident at Brewster’s angle, as well as the 5 mm ZnSe window at normal
incidence. For GaAs and ZnSe, only the 2 and 3 pass measurements produced significant
FWM signal above background, and are the only measurements considered at low intensity
for these materials. For all the low intensity measurements the loss in the samples was
negligible and the interaction is well phase-matched over the length of the crystals, so Eq.
20 is valid.
In order to make an n2,eff measurement, the background fit was subtracted from each data
point. Each individual point was plugged into Eq. 20 to calculate the distribution of n2,eff
values over many shots. Histograms of these distributions are presented in Fig. 11, where the
mean is indicated by the red dashed line. For most data sets, the lowest intensity grouping
was strongly affected by noise and gave artificially large values of n2,eff; these data were
removed from this analysis. Uncertainty in these measurements is dominated by scattering
in the value of n2,eff, as the relative uncertainty in the other parameters (beam size, pulse
length) are rather small.
The 2mm and 3mm long n-Ge samples that were measured gave slightly different results,
as shown by the different colored data in Fig. 11. n2,eff in the 2mm sample was found to be
64 ± 17 × 10−14 cm2/W, whereas it was measured as 105 ± 15 × 10−14 cm2/W in the 3mm
Figure 11: Distribution of n2,eff measured for GaAs, n-Ge, and ZnSe at 1-10 MW/cm
2. The means
are indicated by the vertical red lines. The two n-Ge samples were measured to have different n2,eff
distributions as shown.
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sample. This difference may arise from a difference in carrier concentration between the two
samples, which has been shown to affect the nonlinearity at high enough densities [26].
Both absolute and relative (normalized to GaAs) n2,eff measurements at low intensity are
presented in Table 2, where the average of the n-Ge values is given.
For high intensity, a similar data analysis was performed. As can be seen in the raw data
example of Fig. 12, the background data follows the linear dependence, confirming that
the majority of the background is FWM light generated in the laser system and transport -
the scanning monochromator greatly reduces the scattered light incident on the cryo HCT
detector.
Figure 12: Example of raw FWM data measured in [111] GaAs around 2 GW/cm2. Data displayed
here is the 1st Stokes sideband generated in the 7mm [111] GaAs slab at approximately 2 GW/cm2.
The samples used in these short pulse measurements were the 7mm [111] GaAs slab,
the 2mm n-Ge slab, and the 12mm ZnSe slab. The 5mm ZnSe windows were used, but did
not generate sufficient Stokes sideband energy to make a conclusive measurement of n2,eff.
The ZnSe sample was measured at normal incidence and the n-Ge sample was measured at
both Brewster’s angle and normal incidence, so Fresnel reflection of the pump light on the
entrance face and of the sideband light on the exit face had to be taken into account.
At intensities > 1 GW/cm2, it was found that all of the samples had intensity dependant
transmission characteristics. Nonlinear absorption in these samples was characterized by
using a 200 ps CO2 laser pulse with a single wavelength of λ = 10.59 µm and measuring
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Figure 13: Nonlinear absorption data measured at λ = 10.59 µm for the semiconductors studied
in this thesis. The dashed lines denote lossless propagation and the solid curves denote the fit to
the data.
GaAs n-Ge ZnSe
αNL
[cm/GW]
0.08 ± 0.02 1.7 ± 0.1 0.08 ± 0.02
Table 1: Nonlinear absorption coefficients measured in semiconductors at 10.59 µm with an effective
absorption coefficient of the form αeff = αNLIin.
the input and output intensity from each material. This data is given in Fig. 13. For each
sample, the red dashed line represents the lossless Fresnel reflection-only transmission and
the blue curve is a fit using the equation [24, 27]
Iout = Iinexp (−αeffL) (21)
where αeff is the effective absorption coefficient; the best fitting form was found to be αeff =
αNLIin. The values of αNL measured for each sample are displayed in Table 1. Linear
absorption for our samples is considered negligible in this analysis.
Nonlinear absorption is an indicator of interaction between the laser field and free car-
riers, whether in an interband photoionization process, through the driving and relaxing of
intraband currents, or free carrier absorption. Photoionization and subsequent free carrier
processes are not unexpected in n-Ge, which has a narrow (relative to h¯ω) direct band gap of
0.8 eV as well as pre-existing free carriers, or in polycrystalline ZnSe in which many crystal
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facets and corners could potentially allow for surface effects and local field enhancement to
contribute to the generation of free carriers despite the wide 2.71 eV band gap. Free carrier
processes in semi-insulating GaAs (specific resistivity > 3×108 Ω·cm) are more unexpected,
as it has a relatively wide band gap at 1.42 eV and is designed to have as few free carriers
as possible at equilibrium. Section 5 discusses the case of GaAs in more depth.
The presence of nonlinear absorption requires that the full expression Eq. 17 be used to
calculate n2,eff. In the case of the intensity dependant absorption measured above, α3 = 0
and we assume that α1 = α2 = αNLI, with I a characteristic intensity for the data, making
∆α = 3αNLI/2. Using experimental observables, the entire expression simplifies to
W3 =
n22,effL
2k23√
3τ 2A2
W 21W2
[
1
L2
e−3αNLIL − 2 cos (∆kL)e− 32αNLIL
∆k2 + 9
4
α2NLI
2
]
. (22)
Nonlinear absorption will increase n2,eff by the square root of the inverse of the factor in the
square brackets due to dynamic pump absorption over the course of the interaction. This
factor is shown for each material in Fig. 14, where it is evident that absorption plays a role
even at intensities toward the bottom of the intensity range - the sideband yield and thus
nonlinear refractive index in n-Ge is dramatically affected by nonlinear absorption.
Figure 14: Calculated multiplication factor of n2,eff caused by measured values of nonlinear absorp-
tion in our semiconductor samples.
A point by point analysis of n2,eff in n-Ge (and to a lesser extent GaAs and ZnSe) yielded
a downward trend with intensity before the nonlinear absorption was taken into account
(simply using Eq. 20). After considering nonlinear absorption, the slope went to zero within
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Figure 15: Distribution of n2,eff measured for GaAs, n-Ge, and ZnSe at 1-10 GW/cm
2. The means
are indicated by the vertical red lines.
experimental uncertainty, indicating n2,eff is constant with input pump intensity.
Measured n2,eff distributions for each of these materials is shown in Fig. 15, with the
values displayed in Table 2. Uncertainty was again dominated by the statistics of the data.
The literature gives a range of n2,eff values for GaAs at 10 µm. Particularly, in a similar
experiment using FWM, Wynne [3] measured a value of n2,eff = 4± 2× 10−14 cm2/W using
1 MW/cm2 10.6 µm CO2 lasers. Additionally, Hurlbut et al. [29] measure n2,eff using the
Z-scan technique [2] at 1.5-3 µm in the intensity range 3-11 GW/cm2. These measurements
indicate that n2,eff decreases with wavelength from 30× 10−14 cm2/W to 10× 10−14 cm2/W,
with the dispersion due to a two-photon resonance around 1.7 µm. Extrapolating yields a
value of 8× 10−14 cm2/W at 10.6 µm.
In n-Ge, n2,eff has also been found by Wynne to be 30± 15× 10−14 cm2/W using FWM.
The nonlinear refractive index of ZnSe has been well characterized near resonance in
the visible [30], but has been measured nonresonantly only recently by Werner et al. [28]
using a Z-scan at 3.9 µm with intensities ranging from 5-20 GW/cm2. This measurement
gives n2,eff = 1.2 ± 0.3 × 10−14 cm2/W and predicts essentially flat dispersion out to longer
wavelength.
These literature values are also presented in Table 2. There is some disagreement in the
absolute values of n2,eff measured in this work and those from the literature. Additionally,
our measured values of n2,eff do not agree at high and low intensity irradiation, even for the
same samples. Of critical importance, however, is that the relative magnitude of n2,eff for
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Intensity
n2,eff [10
−14 cm2/W]
GaAs n-Ge ZnSe
1-10 GW/cm2 2.5 ± 0.6 18 ± 7 0.8 ± 0.3
1-10 MW/cm2 15 ± 3 85 ± 20 6 ± 2
Literature 4 ± 2a 30 ± 15a 1.2 ± 0.32b
Intensity n2,eff [a.u.]
1-10 GW/cm2 1 7 ± 3 0.3 ± 0.15
1-10 MW/cm2 1 6 ± 2 0.4 ± 0.15
Literature 1 7.5 ± 5 0.3 ± 0.17
Table 2: n2,eff measured with FWM in semiconductors. The literature values are taken from a: [3]
and b: [28]. Both absolute and relative measurements are presented.
both intensity regimes and in the literature are identical within experimental uncertainty.
Since our MW/cm2 measurements give consistently higher nonlinearity than literature
and GW/cm2 measurements but the same relative ratio among the materials, some sys-
tematic error causes an artificially large energy reading for the Stokes sideband. Because
these measurements were plagued by scattered light as described above, it is likely that this
scattered light systematically increased the signal on our cryo HCT detector in a way that
cannot be removed from the data in a simple standardized way.
Our GW/cm2 measurements give mean n2,eff consistently slightly lower than the litera-
ture, however agree within experimental uncertainty on both absolute and relative scales,
likely a result of the scattered light and background being well mitigated by the scanning
monochromator and etalon. It is possible that a small amount of pump depletion, which is
ignored in the analytic FWM theory, dynamically reduces the sideband yield giving smaller
n2,eff. For the sideband yields measured in experiments (on the order of 10
−4 − 10−3), this
should not play a large role — if similar measurements were performed at higher intensities,
the pump depletion would invalidate assumptions made during the derivation of Eq. 17.
24
Figure 16: Anisotropy of n2,eff in a GaAs wafer with the electric field of the laser aligned along
different crystal orientations.
Finally, the anisotropy of n2,eff was measured in the 700µm thick (110) GaAs wafer using
200 ps pulses. As described in Section 3, the (110) surface orientation allows for probing of the
three main symmetry directions of the zincblende crystal structure. Figure 16 shows relative
n2,eff extracted for each orientation. Despite relatively large experimental uncertainty, the
anisotropy of the mean values of n2,eff in GaAs follows the same trend found experimentally
from 2-3 µm [29] and in calculations for nonresonant interactions [31]. Our measured values
also qualitatively follow the trend seen in the second order optical nonlinear susceptibility
(χ(2)) of GaAs [32]. This anisotropy arises from stronger dipoles between Ga and As ions
existing in the [111] and [110] directions.
5 Control of the Nonlinear Optical Response with the
CO2 Laser Beat-Wave
GaAs is widely regarded as a standard material in the study of both nonlinear optics and
semiconductor physics due to its robust optical and electrical properties as well as the most
developed technology involved in growing impurity free crystals. For these reasons, we study
GaAs in more depth both in experiment and with simulations, the results of which are
presented in this section.
Specifically, we studied the nonlinear response of [111] GaAs with two different CO2 laser
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beat-waves — the first the same as used in the measurements in Section 4, with λ1 = 10.59µm
and λ2 = 10.27µm and ∆f = 872 GHz, which will be called the high frequency beat-wave
(HFBW), as well as with a low frequency beat-wave (LFBW) with λ1 = 10.59µm and
λ2 = 10.27µm (10P(20) and 10P(16) lines of the CO2 laser) that has ∆f = 106 GHz [33].
The same experimental setup was used as in the previous high intensity FWM measurements
with only slight modifications. In particular, to help characterize the nonlinearity in GaAs,
we measured a full spectrum of FWM sidebands on both the Stokes and anti-Stokes sides.
To achieve the resolution required to measure the spectrally close sidebands of the LFBW, a
diffraction grating with 100 grooves/mm blazed at 9 µm was placed inside the spectrometer.
Additionally the etalon was removed for LFBW measurements, as it was found to have no
beneficial effect in reducing background signal; as a consequence LFBW measurements were
performed at higher peak intensities (4-8 GW/cm2) than the HFBW measurements (1-4
GW/cm2) and had slightly higher uncertainty from a worse S/N.
To compare these two cases, the power of each FWM sideband was measured and com-
pared to the power in the pump beat-wave. The results of FWM spectrum measurements
are displayed in Fig. 17(a) for the HFBW and Fig. 17(b) for the LFBW. The difference
between the two beat-waves is striking. The LFBW has much higher efficiency for all side-
bands, and more sidebands on both the Stokes and anti-Stokes side were detectable above
the background (despite the higher background signal). Taking as an example the Stokes
sideband, the sideband yield is 40x higher for the LFBW than for the HFBW. With con-
sideration of the intensity scaling of the yield I3/I1 ∝ n2,effI1I2, this corresponds to an n2,eff
in GaAs 3.3x larger when using a 106 GHz beat-wave instead of a 872 GHz beat-wave.
For the many nonlinear optical processes which sensitively depend on n2,eff (or equivalently
χ(3)), including FWM and SPM, the power requirements to observe nonlinear effects can
be dramatically reduced. As a consequence, these nonlinear optical processes may be more
useful in technological applications where high power lasers may not be available, practical,
or integrable.
To determine the cause of the beat-wave enhancement of the nonlinearity, we look back to
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Figure 17: Full FWM spectrum measured in GaAs using the (a) HFBW and the (b) LFBW.
the nonlinear absorption in our 7mm [111] GaAs as shown in Fig. 13. This is an interesting
observation in GaAs with both a relatively wide band gap (compared to the photon energy,
Eg ≈ h¯ω/12) and a lack of free carriers existing at room temperature thermal equilibrium -
a simple estimate yields a carrier concentration of 106 cm−3 at the bottom of the conduction
band. Using free carrier absorption theory (Eq. 8-11) with the effective absorption coefficient
αNLI as measured in GaAs, a very high average carrier concentration of∼ 1020 cm−3 is found.
A 1 ns interband recombination time is assumed [34]. Using the same assumptions in Eq.
11, a massive n2 of 5×10−9 cm2/W is found, orders of magnitude larger than that measured
in experiment - pure free carrier absorption cannot explain the nonlinearity in GaAs.
In order to more accurately characterize the free carrier dynamics we use Keldysh’s
theory of ionization [17], which denotes three different regimes of ionization, delineated by
the Keldysh parameter γ ∝ √Eg/Up. γ  1 is the multiphoton ionization regime, where
the standard picture of photon stacking applies. γ  1 is the tunneling regime, where
the band gap is modified, allowing for tunneling. When γ ≈ 1, these processes merge, and
nonperturbative processes can be observed. The high intensities in our experiments combined
with the large ponderomotive energy (Iλ2 scaling), makes γ= 1-2 for our measurements. Fig.
18 shows both the Keldysh ionization rate in GaAs as well as an estimate of the free carrier
concentration found by integrating the ionization rate over the intense 200 ps long beat-
wave (it does not change with ∆f - it is purely a field effect). Qualitatively, Keldysh’s theory
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Figure 18: (a) Photoionization rate for GaAs and (b) Carrier concentration generated in GaAs for
the CO2 laser HFBW of varying peak intensity calculated using Keldysh’s theory [17].
shows that a significant number of nonequilibrium free carriers can be produced during our
laser-semiconductor interaction.
Using the semi-classical theory based off Eq. 12, it is found that peak beat-wave inten-
sities used in experiments can drive nonequilibrium electrons to states with non-negligible
k values such that the parabolic approximation is no longer valid (holes are driven by the
field as well, but their larger mass keeps them more localized at the top of the valence
band). In these high fields, electrons rather easily achieve energies greater than the LO
phonon energy (36 meV). These hot carriers emit LO phonons or scatter between CB val-
leys on τT timescales. Over the course of the 200 ps long pulse, many cycles of carrier
excitation and relaxation/dephasing occur, contributing to nonlinear absorption of the laser
beam. Due to these complicated nonparabolic and hot carrier effects, the semiconductor
Bloch equations (SBEs) ([35, 36]) were used to model the nonlinear response of GaAs. The
SBEs self-consistently model the light-semiconductor interaction such that all orders of the
nonlinear optical susceptibility are included.
The band structure of [111] GaAs was calculated using density functional theory (DFT),
giving the band structure in Fig. 19, showing the 4 major bands near the Fermi level:
conduction band (CB), heavy-hole (HH), light hole (LH), and split-off (SO) valence bands.
DFT also gives dipole moments between each band across all k-space. It is found that when
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Figure 19: Electronic band structure of GaAs in the [111] direction calculated with DFT.
~E ‖[111], the HH-CB dipole moment vanishes. A much stronger dipole exists between LH-
CB than SO-CB, causing the SO dynamics to be rather inconsequential to the nonlinear
response of GaAs; simulations are performed using a 2-band model including the CB and
LH bands.
To compare simulation results with experiment, the 1st Stokes FWM sideband efficiency
is calculated as a function of peak input intensity using both the HFBW and LFBW. The ra-
tio of pump intensities is taken to be I1/I2 = 2, modeled after experiment. GaAs is assumed
to be initially unexcited, and a polarization dephasing time T2 = 300 fs is used. T2 auto-
matically takes into consideration Coulombic mean field interactions and various scattering
processes. In the SBEs there is an interband polarization response as well as an intraband
current response in the material. Both of these act as sources of radiation modulated at
∆f , producing FWM sidebands. Results of these simulations are the solid lines in Fig.
20, blue for the HFBW and red for the LFBW, which show the same beat-wave enhance-
ment as experiment. These curves are smoothed over oscillations with intensity which are
attributed to Rabi flopping of the carrier concentrations and polarizations. Experimental
sideband efficiency is overlaid as dots of corresponding color, which matches the simulations
with reasonable agreement. Uncertainty in efficiency and intensity are calculated from the
scatter of the data, and the experimental resolution was not high enough to observe any
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Figure 20: Simulation results modeling the efficiency of the 1st Stokes FWM sideband are shown
in the blue and red lines for the HFBW and LFBW, respectively. Experimental data for each
beat-wave is indicated by dots of the same color.
Rabi structure.
The calculations attribute the majority of the sideband light to a two step process where
carriers are generated nonresonantly and subsequently accelerated through the BZ to high-k
states by the strong electric field of the laser. Since the bands are nonparabolic, this changes
the effective mass of the carriers and thus their contribution to the optical nonlinearity.
As mentioned, current sources manifest as odd orders of the nonlinear optical susceptibility,
leading not only to FWM sidebands but also odd harmonic generation (not studied in exper-
iment). The same calculation is performed setting the intraband acceleration term to zero,
shown as the dashed line in Fig. 21; the drastically reduced FWM efficiency for all intensities
confirms the emission is generated primarily by currents. Note that at very low intensities
(¡ 100 MW/cm2), the two curves merge, showing that the free carrier effects begin to play a
significant role in the nonlinear optical response of GaAs only at or above 1 GW/cm2.
The beat-wave enhancement in this model can be explained by the bias time of the
electric field - driving currents through the BZ is more efficient for lower frequency light, as
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Figure 21: Extrapolation of the beat-wave enhancement of the Kerr nonlinearity in simulations.
The dashed line indicates simulations with intraband currents disabled, disallowing any nonlinear
current contribution to sideband generation.
the acceleration is ”on” in one direction for a longer time. The same applies to the beat-wave
- a lower frequency beat-wave will drive carriers to higher-k states and generate sideband light
more efficiently. This concept is tested in simulations by further decreasing the laser beat
frequency to 4 GHz, where the half-cycle bias time is 125 ps. This case is shown in Fig. 21,
and shows even higher efficiency FWM than the cases tested in experiment, approaching two
orders of magnitude higher nonlinear optical response than the HFBW. This enhancement
corresponds to almost 10x increase in n2,eff simply by decreasing the beat-frequency of a
CO2 laser beat-wave. It is important to note that there is a temporal limitation on this
enhancement, as the length of the pulse must be on the order of the beat period or longer
for any enhancement to take place.
A similar type of beat-wave control of the nonlinear response of bulk semiconductors has
been demonstrated using resonant interactions or heavily doped samples such as p-GaAs
or n-GaAs irradiated by a CO2 laser beat-wave [37, 38]. FWM efficiency was increased
corresponding to a ∼5x larger n2,eff than that previously measured [4]. This effect was
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attributed to high-density electron distributions dissipating energy into the lattice modulated
at the beat frequency. However these samples experienced extremely high loss (e.g. p-GaAs
absorption was 5000 cm−1 at 10µm [38]) necessitating short propagation lengths (≤ 200µm)
and thus impractically small conversion efficiencies. The theory developed in these papers
does not consider any dynamic nonequilibrium processes and cannot accurately describe the
physics we measure in GaAs.
6 Conclusion
In this thesis we have presented experimental measurements of the nonlinear refractive index
in GaAs, n-Ge, and ZnSe using four-wave mixing of CO2 laser beat-waves at both 1-10
GW/cm2 and 1-10 MW/cm2. Reasonable agreement is found between the values measured
here and those measured in the literature using different wavelengths and experimental
techniques. We also observe that the efficiency of the four-wave mixing process increases
dramatically when decreasing the beat-frequency of the beat-waves, leading to a 10x increase
in the nonlinear optical response. Calculations using the semiconductor Bloch equations
attribute the growth of the nonlinearity to free carrier currents driven to nonparabolic regions
of the Brillouin zone.
Calculations predict that lowering the beat frequency even further to 4 GHz can result
in almost a 100x increase in the nonlinear optical response above that measured in the 872
GHz case, demonstrating the ability to control n2,eff of GaAs over a wide range by changing
only the laser parameters. Very small beat-frequencies on the order of 10-100 MHz can be
obtained at 10 µm by using acousto-optic modulators. Note that this would require 10s of
ns long pulses at GW/cm2 intensities, resulting in prohibitively high fluences greater than
10 J/cm2. However it may be possible to approach beat-frequencies on the order of 1-10
GHz by oscillating simultaneously on the regular and sequence bands of the CO2 laser [39],
which should provide strong enhancement as shown.
The beat-wave control of the nonlinear susceptibility in GaAs may prove useful for a
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variety of applications. In particular, the generation of a high power broadband spectrum
in the long-wave infrared atmospheric transmission window may be possible, as sideband
efficiency scales as n22,eff. This would form a frequency comb and may be useful for remote
sensing or high resolution spectroscopy applications in the LWIR.
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Appendices
A. CaF2 Attenuator Calibrations
CaF2 windows were used throughout the experiments described in this thesis to attenuate
10µm laser beams in front of sensitive detectors, as well as increase their effective dynamic
range when measuring beam profiles or sideband energies. Because of this, the calibration
of the attenuation factor for windows of various thicknesses is of critical importance.
We measured incident and transmitted energy from each of our windows with the two
intense wavelengths we had easy access to, λ = 10.59 and λ = 10.27. The attenuation
factors A are given in Table 3 in the form Iin = AItrans, so that a larger attenuation factor
means stronger attenuation. An absorption coefficient α is found by plotting the measured
transmission data against length and fitting it with Transmission = Itrans
Iin
= e−αL as shown
in Fig. 22.
Wavelength (µm)
Thickness 10.27 10.59
2 mm 1.76 2.03
3 mm 2.50 3.13
6 mm 5.56 9.05
8 mm 9.58 21.1
12.7 mm 33.6 105
Table 3: Measured attenuation factors for CaF2 windows used in four-wave mixing experiments.
Our measured value of α was found to be in good agreement with a value taken from
a Corning Incorporated data sheet on the material [40]. The absorption coefficient was
assumed to vary linearly with wavelength in our wavelength range of interest. Attenuation
factors for each CaF2 window are given in Table 4 for all of the FWM sideband wavelengths
used in this thesis.
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Figure 22: Transmission through different lengths of CaF2 with different CO2 laser wavelengths.
The dotted/dashed lines are FWM sidebands with transmission calculated via a fitting described
in Fig. 23.
Figure 23: Fitting of the absorption coefficient of CaF2. It was measured to be α = 3.7 cm
−1 at λ
= 10.59 µm and α = 2.9 cm−1 at λ = 10.27 µm.
Wavelength (µm)
Thickness 9.97 10.93 10.437 10.476 10.514 10.551 10.633 10.674
2 mm 1.611 2.043 1.91 1.94 1.97 2.01 2.08 2.12
3 mm 2.05 3.82 2.65 2.71 2.78 2.85 3.02 3.11
6 mm 4.21 14.6 7.00 7.36 7.73 8.13 9.12 9.68
8 mm 6.79 35.7 13.4 14.3 15.3 16.3 19.1 20.6
12.7 mm 20.9 290 61.4 68.3 75.9 84.3 108 122
Table 4: Extrapolated attenuation factors for CaF2 windows used in four-wave mixing experiments.
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B. ZnSe Grain Size
Figure 24: Scanning electron microscope (SEM) image of a coarsely cleaved polycrystalline ZnSe
sample. The grain size was estimated by measuring different flat regions on several different SEM
images, examples of which are shown here, resulting in grains with an average dimension of 43 ±
15 µm. The cleaved sample was not used in four-wave mixing experiments, but is characteristic of
the samples used in experiment, all grown for similar optical applications.
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